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(57) ABSTRACT

A method for determining the wear on a contact element of an
electrical switch, for example, of a switching installation for
high or medium voltage, includes recording electrical values
which represent an electrical variable, which is relevant to an
arc occurring at the switch during a switching operation, as a
function of time, and calculating a wear value, which repre-
sents the wear on the contact element, from a plurality of wear
contribution values. The wear contribution values are calcu-
lated from a plurality of subsets of the recorded electrical
values using a plurality of wear contribution calculation rules,
with the result that each of the wear contribution values is
calculated from a respective one of the subsets of values
according to a respective one of the wear contribution calcu-
lation rules. At least two of the wear contribution calculation
rules differ from one another.
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1
METHOD AND APPARATUS FOR
DETERMINING THE WEAR ON A CONTACT
ELEMENT

RELATED APPLICATIONS

This application claims priority as a continuation applica-
tion under 35 U.S.C. §120 to PCT/EP2010/066346, which
was filed as an International Application on Oct. 28, 2010
designating the U.S., and which claims priority to European
Application 09177112.1 filed in Europe on Nov. 25, 2009.
The entire contents of these applications are hereby incorpo-
rated by reference in their entireties.

FIELD

The present disclosure relates to the field of electrical
switches, for example, in switching installations for high or
medium voltage. The present disclosure also relates to a
method for determining the wear on a contact element of such
a switch, and to an electronic unit for an electrical switch.

BACKGROUND INFORMATION

Circuit breakers are subject to continual wear and should
therefore be monitored and maintained regularly. For
instance, the arc that occurs during a switching operation
(e.g., a protective shutdown) leads to material wear on the
contact pieces and thus makes a considerable contribution to
the wear. Contacts generally cannot be checked in a simple
manner, without cost-intensive disassembly and turn-off of
the power. Therefore, periodic circuit breaker maintenance is
usually performed, if appropriate with maintenance brought
forward if protective shutdowns with high currents have
occurred. Therefore, in general the switch is maintained too
often. The maintenance causes avoidable costs, and an addi-
tional risk of damage being caused during maintenance. On
the other hand, in the case of excessively long maintenance
intervals, there is a risk, however, of wear or contact wear not
being identified at an early stage. Here there is the risk of a
malfunction, but at the least a loss of performance of the
switch.

Therefore, it would be desirable to determine the wear on
the contact pieces more reliably. However, the wear is diffi-
cult to measure or predict since it is influenced by a multi-
plicity of factors. Itis generally assumed that the contact wear
is brought about by the cumulative energy conversion (power
loss) when an arc occurs with the circuit breaker having been
opened. Solely counting the number of faults that have
occurred at a circuit breaker therefore cannot yield an accu-
rate estimation with regard to the contact wear.

EP 1475813 A1 describes methods for determining contact
wear in electrical switching installations for high or medium
voltage, wherein a contact current that flows through the
switch during a switching operation is recorded with the aid
of'a current converter and an evaluation is made with regard to
contact wear. In order to determine a state variable character-
izing the contact wear, a current measurement signal of the
current converter is first measured as a function of time, the
presence of a measurement error is detected upon the occur-
rence of deviations between the expected contact current and
the current measurement signal, and, upon detection of the
measurement error, at least one characteristic current value is
determined from the current measurement signal and used for
determining the state variable. DE 10204849 A1l also
describes a method for determining contact wear.
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However, the known methods for determining wear can
still be improved with regard to their reliability. It is also
desirable to obtain methods which, in a multiplicity of difter-
ent switching situations, yield such reliable results that they
are suitable for automated (e.g., remote) diagnosis and main-
tenance. Cost-intensive maintenance work can be reduced in
this way. At the same time, reliable continuous state monitor-
ing can be realized. It is also desirable to identify and elimi-
nate problems and wear before they become critical.

SUMMARY

An exemplary embodiment of the present disclosure pro-
vides a method for determining the wear on a contact element
of an electrical switch. The exemplary method includes
recording electrical values (I(t), U(t)) which represent an
electrical variable, which is relevant to an arc occurring at the
switch during a switching operation, as a function of time.
The exemplary method also includes calculating a wear value
(d), which represents the wear on the contact element, from a
plurality of wear contribution values. The wear contribution
values are calculated from a plurality of subsets (I(t,); I([t,;
t';])) of the recorded electrical values using a plurality of wear
contribution calculation rules (f,), such that each of the wear
contribution values is calculated from a respective one of the
subsets of values (I(t,); I([t;;t';])) according to a respective one
of the wear contribution calculation rules (f,). At least two of
the wear contribution calculation rules (f;) differ from one
another.

An exemplary embodiment of the present disclosure pro-
vides an electronic unit for an electrical switch. The exem-
plary electronic unit includes a value input module for obtain-
ing electrical values which represent a variable, which is
relevant to the power flowing through the switch during a
switching operation, as a function of time. The exemplary
electronic unit also includes a wear determination module
having a computation unit and a non-transitory data memory
having an executable program recorded thereon for execution
by the computation unit. The program includes a plurality of
wear contribution calculation rules (f;) for calculating respec-
tive wear contribution values from respective subsets (I(t,);
I([t;5t',])) of the recorded electrical values. At least two of the
wear contribution calculation rules (f;) differ from one
another. The program also includes a wear value calculation
routine for calculating a wear value (d), which represents the
wear on a contact element, from the wear contribution values.

BRIEF DESCRIPTION OF THE DRAWINGS

Additional refinements, advantages and features of the
present disclosure are described in more detail below with
reference to exemplary embodiments illustrated in the draw-
ings, in which:

FIG. 1a shows a diagram depicting the measured current
that occurs during a switching operation as a function of time,
according to an exemplary embodiment of the present disclo-
sure;

FIG. 15 shows a diagram depicting the measured voltage
(more precisely, the arc voltage) that occurs during a switch-
ing operation as a function of time, according to an exemplary
embodiment of the present disclosure;

FIG. 2 shows a diagram depicting the current that occurs
during a switching operation as a function of time, from
which various arc phases of the switching operation are
derived, according to an exemplary embodiment of the
present disclosure;
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FIGS. 3a and 35 show respective possible auxiliary func-
tions which can be used for calculating a wear value in the
manner according to present disclosure an exemplary
embodiment of the present disclosure; and

FIG. 4 shows contact elements of an electrical switch
according to an exemplary embodiment of the present disclo-
sure.

DETAILED DESCRIPTION

In order to improve at least some of the drawbacks associ-
ated with known techniques as mentioned above, the present
disclosure provides a method for determining the wear on a
contact element of an electrical switch, an electronic unit
(e.g., a switch controller) for an electrical switch, and a
switching installation which can include the electronic unit
and/or perform the method of the present disclosure. Further
advantages, features, aspects and details of the present dis-
closure are described below with reference to exemplary
embodiments of the present disclosure, as illustrated in the
drawings.

An exemplary embodiment of the present disclosure pro-
vides a method for determining the wear on a contact element
of'an electrical switch (e.g. a vacuum switch), for example, of
a switching installation for high or medium voltage. The
method includes recording electrical values which represent
an electrical variable, which is relevant to an arc occurring at
the switch during a switching operation, as a function of time.
The electrical values can be recorded, for example, as a con-
tinuous function or as a data series (vector) with discretely
sampled values, but can also include virtual values, for
example, (partly) simulated, interpolated, or fitted values, in
which case virtual values are recorded. By way of example,
the electrical values can be current values which represent a
contact current flowing through the switch during a switching
operation as a function of time. The method furthermore
includes calculating a wear value, which represents the wear
on the contact element, from a plurality of wear contribution
values. The wear contribution values are calculated from a
plurality of subsets of the recorded electrical values using a
plurality of wear contribution calculation rules, with the
result that each of the wear contribution values is calculated
from a respective one of the subsets of values according to a
respective one of the wear contribution calculation rules. At
least two of the wear contribution calculation rules differ
from one another. In this case, a subset of values should be
understood such that it can also include all of the recorded
electrical values.

An exemplary embodiment of the present disclosure pro-
vides an electronic unit, for example, a control and/or moni-
toring system, for an electrical switch (e.g. a vacuum switch),
for example, for a switching installation for high or medium
voltage. The electronic unit includes a value input module for
obtaining electrical values (e.g. current values) which repre-
sent an electrical variable, which is relevant to an arc occur-
ring at the switch during a switching operation, as a function
of time. The value input module can therefore be equipped,
for example, for obtaining recorded electrical values from a
value measuring device, but possibly also electrical values
recorded by (partial) simulation or interpolation, etc. The
electronic unit furthermore includes a wear determination
module having a computation unit and a non-transitory data
memory (e.g., a computer-readable recording medium such
as a non-volatile memory) having an executable program
recorded thereon which can be executed by the computation
unit. The program, including instructions of the program,
includes a plurality of wear contribution calculation rules
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which are intended to calculate respective wear contribution
values from respective subsets of the recorded electrical val-
ues. At least two of the wear contribution calculation rules
differ from one another. The electronic unit also includes a
wear value calculation routine for calculating a wear value,
which represents the wear on the contact element, from the
wear contribution values. According to an exemplary
embodiment, the program can include rules and/or instruc-
tions for executing any of the methods mentioned herein.

The present disclosure also relates to an apparatus for
performing the methods disclosed and also includes appara-
tus parts for performing respective individual method steps.
The method steps can be performed by hardware compo-
nents, by acomputer programmed by means of corresponding
software, by a combination of both, or in any other manner.
The present disclosure is furthermore also directed to meth-
ods in accordance with which the apparatuses respectively
described operate. It includes method steps for performing
each function of the apparatuses.

In the case of the embodiments described below, individual
aspects and features can be combined modularly with the
aspects and features of other embodiments. By means of such
combination, further embodiments can in turn be obtained,
which should likewise be regarded as associated with the
present disclosure. A switch for a single phase is described
below. Three phases with a respectively associated circuit
breaker are generally present. The respective instances of
wear can then generally be determined independently of one
another, in accordance with any of the aspects described
herein.

A description is given below principally of those embodi-
ments in which current values are recorded, and the wear
contributions are calculated from the current values. More
generally, the wear contributions can also be calculated from
other electrical values. In this case, electrical values are
understood to be any values of variables which are relevant to
an arc occurring at the switch during a switching operation.
For example, the electrical values can be current values, volt-
age values and/or combinations thereof (e.g. arc power values
formed by a product of current and voltage). The computation
rules mentioned herein on the basis of the current are analo-
gously also applicable on the basis of such further electrical
values, by replacement of the current values I in the same
computation rules by the other electrical values.

Electrical switches such as those which are used, for
example, as circuit breakers in a switching installation for
high or medium voltage usually have two or more contact
pieces. With the switch closed, the contact pieces are in elec-
trically conductive direct contact with one another. When the
switch is opened, the contact pieces are moved away from one
another and separated, such that current can no longer flow
from one contact piece to the other contact piece. If a current
flows during the switching process, then during the separation
of'the two contact pieces from one another the current flow is
not immediately interrupted completely, rather an arc arises
between the two contact pieces, which continues to carry the
current for a certain time. Such an arc also occurs in circuit
breakers, for example, special types of switch which are
designed to switch under load, and especially in the case of
circuit breakers for high voltage (e.g., voltages of more than
50kV, e.g. 50-800 kV), or for medium voltage (e.g., voltages
of 5kV to 50kV).

Such a switching process under load with an arc is illus-
trated in FIG. 4 on the basis of the example of a vacuum circuit
breaker. The vacuum circuit breaker 1 has a first contact piece
10 and a second contact piece 20. The contact pieces 10, 20
respectively have a shaft 12, 22 and a contact plate 14, 24
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arranged at the distal end of the shaft. The contact plate 14, 24
of'each of the contact pieces 10, 20 in each case has a contact
surface which, with the switch closed, makes direct contact
with a corresponding contact surface of the respective other
contact piece. The two contact pieces 10, 20 define a switch-
ing axis along which they can be moved apart relative to one
another for the purpose of opening the switch. Said axis is the
vertical in FIG. 4.

FIG. 4 illustrates the switch 1 during opening, and the
contact pieces 10, 20 have already been separated from one
another along the switching axis. The interruption of the
current has not yet been fully concluded in FIG. 4, and an arc
33 has formed between the contact pieces 10 and 20. In a
manner mediated by the arc 33, a current still flows from the
first contact piece 10 to the second contact piece. The current
flows via the shaft 12 (current path 31a), via the contact plate
14 (current path 315), then via the arc 33, and via the contact
plate 24 (current path 31¢) and via the shaft 22 (current path
31d). Under the influence of the arc, material of the contact
pieces is eroded (this material usually forms the plasma of the
arc), which leads to wear on the contact pieces.

In the example illustrated, the contact pieces 10, 20 are
designed as the TMF type. TMF type means that the contact
pieces are designed such that the switching current during a
switching process brings about a predominantly transverse
magnetic field (perpendicular to the general current flow
direction or to a main direction of the arc, i.e. parallel to an
area defined by the contact surfaces 14 and 24). This is
achieved here by means of slots in the contact plates 14 and
24. The slots predefine a current flow direction of the current
314, 31c in the plates such that the current induces a trans-
verse magnetic field (in the horizontal plane in FIG. 4). The
switch shown in FIG. 4 is of the spiral type (i.e. with spirally
fashioned slots). Other forms of the contact pieces are also
possible. One possible alternative form for switches of the
TMF type is e.g. cup-shaped contact pieces.

The switch illustrated in FIG. 4 is a vacuum circuit breaker
(i.e. with a vacuum in the switching area in which an arc is
expected, in particular with a high vacuum). Even though
some advantages of the present disclosure can be realized
particularly well for vacuum circuit breakers for instance in
the medium- or high-voltage range, they are not restricted to
such switches. Aspects of the present disclosure can likewise
relate to e.g. an inert gas circuit breaker, in which the switch-
ing area is filled with an inert gas such as SF, for example.

One difficulty in the case of switches, and in particular in
the case of circuit breakers, is the wear on the contact pieces
(e.g. contact pieces 10, 20 in FIG. 4) as a result of the arc (33
in FIG. 4). The problems brought about by the wear or the
accompanying wear of the switch have already been
described further above. For the reasons mentioned above itis
desirable to determine the wear as accurately as possible.

One method mentioned here for illustration purposes pro-
vides for this purpose a current integral of the following form,
for instance, for determining the wear:

d=k*{I(ryd (1)

The wear is indicated here by a thickness d (in mm) by
which, during a switching process, material is eroded from
the contact surface of the contact piece on account of the arc.
In this case, I(t) represents the contact current flowing
through the switch during a switching operation as function
of'timet, i.e. the current which flows through the arc 33 at the
time t, see FIG. 4. k and o are constants which can be deter-
mined e.g. by a model or empirically. The time integral in (1)
relates to the total switching time during which an arc is
present. An integral such as in equation (1) is intended herein
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also to express a sum of discrete current values which is
suitably approximated by such an integral.

However, the computation rule (1) yields inaccurate results
particularly for medium or high switching currents. If the
parameters k and o are calibrated for low switching currents,
then the wear for high switching currents and long arc dura-
tions (phase length 0.75 m or more) tends to be overestimated
by the rule (1), and the wear for medium or high switching
currents and short arc durations (phase length 0.25 7 or less)
tends to be underestimated. Therefore, the issue arises of
wanting a more realistic or more accurate rule for determining
the wear d also for a wide range of switching currents and arc
durations. For this purpose, there might be occasion to replace
the integrand in (1) by a more complex expression (having
more parameters to be adapted empirically). However, the
accuracy that can be achieved with such an approach is like-
wise limited and cannot justify the increase in the number of
parameters to be adapted.

According to the present disclosure, these difficulties are at
least alleviated by the following method for determining the
wear on the contact element: firstly, the current values I(t)
which represent the contact current flowing through the
switch during a switching operation are recorded as a func-
tion of time t. The current values I(t) can be recorded as a
continuous function or as a data series (vector) were dis-
cretely sampled values. The sampled current values can com-
prise not only measured values but also virtual values, e.g.
values that are fitted or interpolated or simulated on the basis
of'the measurement values and/or a suitable model. By way of
example, the current can be assumed to be sinusoidal, and the
amplitude and phase and, if necessary, the frequency of the
signal can be adapted on the basis of measured values, thus
resulting in good correspondence of the sinusoidal current to
the measured values.

The wear value d is then calculated from a plurality of N
wear contribution values d,, i=1 . . . N (for instance as a sum
of the wear contribution values). The wear contribution val-
ues d, are in turn calculated from a plurality of subsets of the
recorded current values I(t) using a plurality of wear contri-
bution calculation rules f,, with the result that each of the wear
contribution values is calculated from a respective one of the
subsets of current values according to a respective one of the
wear contribution calculation rules f; (a subset of current
values can also comprise all of the recorded current values,
that is to say can be a proper or an improper subset). In this
case, at least two of the wear contribution calculation rules
differ from one another (as functionals or mappings).

One aspect of the present disclosure is based on the insight
that different arc phases occur during a switching process.
Said arc phases approximately succeed one another tempo-
rally. Said different arc phases lead to respectively different
wear on the contact pieces, that is to say that the wear is
dependent on the current differently, depending on the arc
phase: whereas a diffuse arc, for instance, leads to rather
uniform and minor wear on different parts of the contact
piece, a stationary constricted arc leads to intensive wear on a
limited part of the contact piece, and is thus more relevant
overall to the wear.

The method according to the present disclosure advanta-
geously makes it possible to calculate the contribution of
different arc phases to the wear of the contact element as a
respective dedicated wear contribution value. Each of the
wear contribution values can be calculated by means of'a wear
contribution calculation rule specific to the respective arc
phase. For this purpose, it is advantageous to choose the
subsets of current values and/or the wear contribution calcu-
lation rules such that a specific recorded current value,
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depending on the arc phase in which it occurs, leads to a
respectively different wear contribution.

For this purpose, firstly it is necessary to determine the
respective subsets of current values. As subsets of current
values it is possible to determine those current values which
belong to a respective arc phase. For this purpose, it is pos-
sible to determine the intervals of time for the respective arc
phases (e.g. for ith arc phase the time interval [t;;t';] from t; to
t',), and it is possible to choose the subsets of current values as
the subsets of current values I([t;;t';]) associated with the
respective time interval [t;t';]. For this purpose, the limit
times t;, t'; for the respective arc phase are suitably determined
(see further below), and the subsets of current values are
defined taking these times into account.

The temporal delimitation between the individual arc
phases can be somewhat blurred, with transition periods ther-
ebetween. Nevertheless, it is possible to determine at least
approximately a limit time for the limit (start or end) of a
phase, that is to say t, for the start or t', for the end of the ith arc
phase. Generally, such a limit time can be either a start time
for the start of the arc (or of the first arc phase), or a transition
time for the transition from one phase to a respective next
phase, or an end time for the end of the arc (or of the last arc
phase). Accordingly, the transition time does not relate to the
start or the end of the arc as such, since different arc phases do
not merge into one another here.

In the case of TMF switches, the type and movement of the
arc can be recorded by observations on specially shaped
contact pieces. In this case, in an exemplary TMF switch it
was possible to distinguish the following different arc phases
from one another:

(1) phase with diffuse arc: the arc is spatially distributed

over a wide area on the contact piece;

(ii) phase with constricted stationary arc: the arc is con-
stricted to a narrow region from which it extends per-
pendicular to the contact surface, and is stationary, e.g.,
hardly moves along the contact surface;

(iii) phase with constricted moving arc: the arc is still
constricted to a narrow region, but moves at high speed
(i.e. at a significantly higher speed than in the phase
before) along the contact surface.

After the conclusion of the last phase, the arc is extinguished
(possibly with a further phase with a diffuse arc before com-
plete extinction). Depending on the configuration of the
switch and the contact pieces, the phases can differ from the
phases mentioned above, and there can be further phases or
fewer phases or phases of a different type than the phases
described above.

In the above example, therefore, it is possible to determine
as the limit time a start time t, (or, more precisely, t,,,,,,) for the
start of the diffuse arc, a transition time t',=t, for the transition
from the diffuse arc to the constricted stationary arc, a further
transition time t';=t, for the transition from the constricted
stationary arc to the wandering arc, and an end time t',=t; for
the end of the wandering arc. If these transition periods are
determined in a suitable manner, then the subsets of current
values can be determined as a first, second and third subset of
current values I([ty;t'o]), I([t;5t', D), I([tst'5])-

Referring to FIGS. 1a and 15, a description will now be
given of how the limit times which delimit the arc phases can
specifically be determined.

FIGS. 1a and 15 show diagrams respectively depicting the
current I occurring during a switching operation (FIG. 1a,
vertical axis) and the arc voltage U (FIG. 15, vertical axis) as
a function of time t (horizontal axis). In the schematic draw-
ings in FIGS. 14 and 15, the time axis is not to scale; therefore,
the times t, to t; lie at somewhat different positions in FIGS.
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1a and 15. The current has generally an approximately sinu-
soidal profile, with an envelope modulated onto a fundamen-
tal frequency. FIGS. 14 and 15 illustrate only part of a sinu-
soidal oscillation period, with a zero crossing before the time
t,-

The current illustrated in FIG. 15 represents an overcur-
rent. On account of the overcurrent, the switch controller
outputs a switching signal that instigates the separation of the
contact pieces of the switch. A short time thereafter, the
switch controller outputs a switching signal that instigates the
separation of the contact pieces of the switch. The contact
pieces are then moved apart and separate approximately at the
time t,. This separation can be identified by the fact that, in
FIG. 14, the voltage suddenly rises, and an arc occurs.
Approximately at the same time, the arc starts as a diffuse arc.
The separation of the contact pieces or the voltage rise dis-
cernible in FIG. 15 can be used as the start of the diffuse arc
(1°* arc phase), which defines the time t,. In some embodi-
ments, the minor contact wear during the diffuse arc phase
can be disregarded.

At the time t,=t',, the diffuse arc undergoes transition to a
constricted stationary arc. This transition can be recorded e.g.
by virtue of the fact that the current overshoots a predefined
current threshold I_,,,,,. The exact choice of the threshold
value I, is dependent on the geometry of the contact
pieces and on further details, and can be calibrated e.g. by
measurements. Through various observations it was ascer-
tained that I__,, ., can generally be more than 10 kA, that is to
say e.g. 15 kA. Alternatively, the transition to the constricted
stationary arc can also be defined in some other way. Further
possible alternatives for determination are described further
below.

At the time t,=t'; the stationary arc undergoes transition to
a moving arc, under the influence of the transverse magnetic
field generated by the flowing current. The movement of the
arc leads to an increased noise component in the measured
voltage and the measured current. Therefore, the transition to
the moving arc can be recorded by virtue of the fact that the
noise component in the voltage (ratio of the variance in a
predefined frequency range to an averaged value of the volt-
age) overshoots a predefined threshold. The exact choice of
the frequency range and the threshold value is dependent on
the geometry of the contact pieces and on further details, e.g.
the evaluation of the noise signal is particularly meaningful in
the case of the spiral TMF type. The threshold value etc. can
be calibrated e.g. by measurements. Alternatively, the transi-
tion to the constricted stationary arc can also be defined in
some other way, as described further below.

At the time t;=t', the arc is extinguished, and the arc phase
thus ends as well. This time can be identified e.g. by virtue of
the fact that the current decreases significantly. More gener-
ally, the time t; can be defined by a decrease in the current
and/or voltage to below a predefined limit value.

In order to determine the abovementioned limit times
which delimit the individual arc phases, it is also possible to
use further events which are correlated in some way with the
start or the end of an arc phase. Such an event can be, for
example:

a. the start of an arc (for instance can be determined by the
measurement of the brightness in the arc region, the
contact current, the contact voltage, or a similar vari-
able);

b. atransition from a stationary arc state to a wandering arc
state (can be determined for instance by the measure-
ment of the variance or the noise component of the
abovementioned variables);
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c. transition from a diffuse arc to a constricted arc (can be
determined for instance by the measurement of the spa-
tial brightness distribution in the arc region);
d. the end of an arc (can be determined for instance by the
measurement of the brightness in the arc region, the
contact current, the contact voltage, or a similar vari-
able);
e. the separation of a contact element from a further contact
element of the switch (can be determined for instance by
mechanical measurement or by evaluation of a switch-
ing signal transmitted by a contact controller; this can
involve the contact element to be examined or alterna-
tively a further contact element);
f. the removal of the contact element from a further contact
element of the switch by a distance which exceeds a
predefined distance threshold value (can be determined
for instance by mechanical measurement);
g. the issue or evaluation of a switching command (for
instance by a switch controller);
h. the overshooting or undershooting of a predetermined
threshold value via a recorded value, wherein the
recorded value is selected, for example, from a list com-
prising the following measurement values:
current value and/or voltage value and/or value of an
electric or magnetic field (can be determined for
instance by measurement transducers);

frequency component of a current value and/or of a
voltage value;

brightness value of an arc;

position value which describes a position of the contact
surface and/or a distance between two contact sur-
faces;

previous wear value of the contact piece, for instance
during a previous switching process;

previous total wear value of the contact piece, i.e. the
sum of the wear values of all previous switching pro-
cesses;

period of time elapsed since the occurrence of any fur-
ther event, for example one of the events mentioned in
this list; and/or

possibly the period of time elapsed since an earlier limit
time.

The limit time can be chosen, for example, as the time of a
corresponding event. The limit time can also be calculated
taking account of a plurality of the events mentioned, for
instance by logical or weighted combination of a plurality of
events or by averaging of a plurality of corresponding times.
The limit time is, for example, a transition time representing
atransition from a stationary arc state to a wandering arc state.

The at least one limit time can also be determined taking
into account at least one of the following measurement val-
ues:

current value;

voltage value;

value of an electric or magnetic field;

noise component or frequency component of a current
value;

noise component or frequency component of a voltage
value;

noise component or frequency component of an electric or
magnetic field;

brightness value of an arc;

position value which describes a position of the contact
surface and/or a distance between two contact surfaces
(wherein, for example, one of the contact elements is the
contact element to be examined; alternatively, a further
contact element can be involved);
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previous wear value;

previous total wear value;

period of time elapsed since the occurrence of any event,

for example one of the events mentioned above;

possibly period of time elapsed since an earlier limit time.

Depending on the availability of measurement values and
events, it is possible to select elements from the above list and
to suitably calibrate the determination rules for a respective
arc phase. It is also possible to employ a plurality of determi-
nation rules and to combine their results, e.g. by averaging or
forming a weighted average value.

In accordance with an exemplary embodiment, the respec-
tive intervals of time for the subsets of current values can be
determined, for example, in the following manner:

Criterion for determining the start of

No. Arcphase the phase

0  Diffuse arc Separation of the contact pieces
(determined e.g. by means of evaluation
of a switching command or by means of
mechanical sensors)

Contact current exceeds a threshold
value lconstr, e.g. 10 kA

Noise component of the current or of
the voltage exceeds a threshold value

1 Constricted stationary arc

2 Constricted rotating arc

The end of the constricted rotating arc (phase 2) can be
determined e.g. by virtue of the current again undershooting
a predefined threshold value.

The numbers in the left column refer to the time segments
illustrated in Figures FIGS. 1a and 2. FIGS. 1a and 2 sche-
matically show the possible associated current and voltage
values on the basis of which the classification described in the
table could at least be effected.

As is shown in FIG. 2, it is possible to subdivide the current
values on the basis of the determined limit times into different
subsets of current values. A first subset of current values
includes the current values I([ty;t;]) in the interval of time
[to:t,] (reference sign 1). A second subset of current values
includes the current values I([t;;t,]) in the interval of time
[t;5t5] (reference sign 2). A third subset of current values
includes the current values I([t,;t;]) in the interval of time
[ty;t5] (reference sign 3). For each of the subsets of current
values, a respective wear contribution value d,, d, and d; is
calculated using a respective wear contribution calculation
rule. The wear contribution values d,, d, and d; are subse-
quently combined (e.g. added) to form the wear value d.

Generally, in order to calculate the wear value, therefore, at
least one transition time is determined, which, for example,
represents a respective transition between different phases of
anarc occurring during the switching operation. The intervals
of time are defined, for example, such that the transition time
defines a transition between a first one of the intervals of time
[t;;t';] and a second one of the intervals of time [t;;t',] such that
t'~t,is formed by the transition time. For example, the method
can involve defining an end t', of the first interval of time [t;t',]
and a start t, of the second interval of time [t;t'] taking
account of the transition time determined, e.g. such that the
transition time lies between the first interval of time and the
second interval of time; for example such that the first interval
of time is earlier than or identical to the transition time, and
the second interval of time is later than or identical to the
transition time. In other words, the first interval of time then
precedes the second interval of time, with the transition time
therebetween. The subsets of current values are then deter-
mined taking account of the at least one transition time deter-
mined.
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The subsets of current values I([t;t';]) are accordingly
determined as the current values associated with a respective
interval of time [t,;t';]. At least one of the intervals of time
[t;t';] is defined taking account of the at least one limit or
transition time determined.

Possible embodiments of the individual wear contribution
calculation rules (per subset of current values or per arc
phase) are described below. In one embodiment, at least one,
or else all, of the wear contribution calculation rules is/are
evaluated as a respective integral of the form (1) (or as a sum
approximated by such an integral), wherein the respective
time integral or the sum is restricted only to the respective
interval of time or the respective subset of current values. The
respective parameter k and . in (1) can then be chosen in each
case separately per subset of current values (or per arc phase),
e.g. can be predefined on the basis of a model or calibrated on
the basis of measurements.

A wear contribution calculation rule f; for the ith subset of
current values (represented here as the subset of current val-
ues associated with the interval of time [t;;t';]) can then be
formulated as

{ ) . 2)
Ll =k *f I(1)% dr (as integral) or as

i

Flll=K* Z I0% (as sum), @)

rely]

whereink, and. K,, o, correspond to the parameters k and c in
(1). In equation (2"), the parameter K is capitalized in order to
indicate the different physical unit by comparison with the
parameter k from equations (1) and (2): [k]=cm A~ s7%;
[K]=cm A~*. Otherwise, the parameters k and K are equiva-
lent. In one embodiment, it is possible to choose the form (2)
or (2") for two subsets of current values (e.g. first (i=1) and
second (i=2) subsets of current values) where o=, or
K,=K,. For example, in embodiments, 0.5=a,,0,=<2.

However, calculation rules other than (2), (2') are also
possible. In general, the calculation rule includes forming a
contribution in the form

! 3
fi[1]=f¢i(1(f))df ®

i

PIRUO)

1elt;f]

Al = &)

for at least two of the wear contributions (where i=1 for a first
wear contribution and i=2 for a second wear contribution,
such that ¢,=¢,, wherein the inequality sign here denotes:
“not identical as functions™). Here, I(t) respectively denotes a
current value included in the subset of current values associ-
ated with the ith wear contribution. Equations (2) and (2') are
special cases of (3) and (3"), respectively, e.g. where ¢,(I(t))
=K *I()*.

The wear value can then be calculated as the sum of the
individual wear contributions d,=f][I], i=0 . . . (N-1), for
instance in the form
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d:Zd;:Zﬁ[l],

where f, denotes one of the wear contribution calculation rules
described herein.

In (2") for the wear contribution calculation rule f; summa-
tion is effected only within the limits t, to t',. Instead of a hard
limit for these sums, summation can also be effected over a
longer period of time, wherein the contributions are weighted
with a time-dependent function y,(t) which is greater inside an
interval of time [t,, t';] than outside the interval of time. Any
correspondingly generalized equation (2') then has the fol-
lowing form:

Al =Kix )y 10 @

Examples of the functions v,(t) are illustrated in FIG. 3.
FIG. 3a shows functions y,(t) as step functions having the
value 1 inside an interval of time between t,and t'=t,, ; and the
value 0 outside the interval of time. With these functions y,(t)
from FIG. 3a, the sum of equation (4) is again converted into
the more specific form of equation (2).

An alternative function y,(t) is illustrated in FIG. 3. Here,
v,(t) is greater inside the interval of time between t;and t',=t, |
than outside the interval of time, but v,(t) falls continuously
and has a finite value also outside the interval of time. The
subsets of current values for different wear contributions over
which summation is effected in equation (3) using the func-
tions y,(t) outlined in FIG. 35 then overlap. For example, the
subsets of current values can comprise all recorded current
values here, and their contribution is merely weighted by
means of a suitable function y,(t).

The function y,(t) can be expressed as follows: yi(t)%(((t—
t,)/(t',—t,)) where y denotes a function having greater values
inside the interval [0;1] than outside the interval. The func-
tions outlined in FIG. 3¢ and F1G. 35 are substantially equiva-
lent and lead to very similar results.

In a generalization of equation (4), the wear can be
expressed as a sum

d=) flll

where

A=Y yilo « o),

wherein, in the example of equation (3), ¢,(I(t))=K,*I1(t)*.
The function ¢,(I(t)) can be interpreted such that it yields a
proportion of the abrasion contribution for every value of I(t).

The above calculation rule can correspondingly also be
applied to integrals over current values recorded temporally
continuously. In this case, in accordance with the above gen-
eralization, the wear can be expressed as the integral
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d= Dk [r0 i

The integral can be numerically approximated.

Even further possible modifications will be described
below. In accordance with one modification, it is possible to
calculate the wear contribution values for a plurality of the arc
phases with a similar wear characteristic by means of a com-
mon wear contribution calculation rule. Nevertheless, not all
arc phases should be calculated in the same way, i.c. at least
two of the wear contribution calculation rules differ from one
another.

In accordance with a further modification, besides the cur-
rents I, the arc voltages U are also recorded and taken into
account when calculating the wear value. In accordance with
one embodiment, the voltages could be recorded e.g. by
means of additional voltage sensors. A corresponding wear
function could then have the following form, for example:

FLVI=Kix D 108« U@

relitipg]

Generally, any desired electrical value which represents a
variable relevant to the power flowing through the switch
during a switching operation can be used for the calculation,
that is to say e.g. the current 1, the arc voltage U, a product
thereof (as in the above equation).

In a further embodiment, the power P(t)=I()*U(t) as a
function of time, instead of I(t), can also be inserted directly
into any of the equations mentioned above, e.g. (2), (2", (3),
@3

In accordance with a further modification, it is also pos-
sible to omit individual arc phases which make only an insig-
nificant contribution to the wear. By way of example, the
diffuse arc phase (zeroth phase between t0 and t1) can be
omitted in the example of FIGS. 1 and 2 for this reason, such
that the calculation starts first with the phase i=1.

A description is given below of a switch controller and a
switching installation suitable for performing the method
described herein. The switch controller includes a current
value input module for obtaining current values (e.g. obtain-
ing recorded current values from e.g. a current measuring
device, but also from a device for simulation, interpolation,
etc.) which represent a contact current flowing through the
switch during a switching operation as a function of time. The
switch controller furthermore includes a wear determination
module having a computation unit (e.g., a processor) and a
non-transitory data memory (e.g., a non-volatile memory)
having an executable program recorded thereon which can be
executed by the computation unit. The program includes a
plurality of wear contribution calculation rules f; which are
intended to calculate respective wear contribution values
from respective subsets I([t;;t';]) of the recorded current val-
ues, with the result that each of the wear contribution calcu-
lation rules calculates a respective one of the wear contribu-
tion values from a respective one of the subsets of current
values. At least two of the wear contribution calculation rules
f, differ from one another. The program furthermore includes
a wear value calculation routine for calculating a wear value
d, which represents the wear on the contact element, from the
wear contribution values (e.g. as the sum thereof).

The executable program includes, for example, instruc-
tions for executing any method described herein. For
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example, the wear contribution calculation rules f, are
intended to calculate a corresponding plurality of wear con-
tribution values from a corresponding plurality of subsets
I([t;5t',]) of the recorded current values, with the result that
each of the wear contribution calculation rules f, calculates a
respective one of the wear contribution values from a respec-
tive one of the subsets of current values I([t;t',]).
In accordance with an exemplary embodiment, the switch-
ing installation is designed for high or medium voltage, and
is, for example, a circuit breaker, e.g. a vacuum circuit breaker
(but a gas-insulated circuit breaker is also possible). The
switching installation includes the switch controller
described above. The contact current is, for example, an arc
current. The switching installation has, as contact element,
for example a contact piece of the TMF type since here there
are particularly distinct arc phases. A contact piece of the
TMF type is characterized in that its design promotes a pre-
dominantly transverse magnetic field during the switching
process or during an arc. The transverse magnetic field pro-
motes the movement of the arc and thus leads to pronounced
arc phases. The contact piece can be, for example of the spiral
TMF type (as illustrated in FIG. 4). The contact element can
thus contain a planar contact surface having a round cross
section, e.g. having a spiral gap. Alternatively, the contact
piece can also be designed in a cup-shaped fashion (of the
cup-shaped type). Generally, the switch can contain two con-
tact pieces that are movable relative to one another in a lon-
gitudinal direction.
The switching installation can contain a plurality of contact
elements (e.g. 3 contact elements for 3 phases). In this case,
the wear can occur separately for each of the contact elements
as described herein.
The switching installation can furthermore include a diag-
nosis system, which is connected to the switch controller in
order to receive the calculated wear values. The diagnosis
system can comprise, for instance, the following functions
(separately per phase):
addition of the wear value to form a total wear value rep-
resenting the total wear on the contact piece as a sum for
a plurality of switching processes;

triggering of an alarm, warning or blocking command if the
wear value or total wear value exceeds a predefined
alarm threshold value or warning threshold value or
blocking threshold value;
calculation of a percentage wear as a proportion of a per-
missible maximum wear that the present wear consti-
tutes (wear value with respect to a total wear value);

calculation of an expected remaining operating duration of
the switch on the basis of the wear value or total wear
value;

forwarding of the wear value determined or of a variable

(e.g. total wear value) derived therefrom to an online
diagnosis server.

Even further general aspects of the present disclosure will
be mentioned below. In accordance with one aspect, a method
for determining the wear on a contact element involves cal-
culating a wear value (d), which represents the wear on the
contact element, from the recorded current values (I(t)),
wherein a first wear contribution value is calculated accord-
ing to a first wear contribution calculation rule (f;) from the at
least one current value (I(t,); I([t;;t,])) for the first interval of
time (t;; [t;5t';]), and a second wear contribution value is cal-
culated according to a second wear contribution calculation
rule () from the at least one current value (I(t)); I([t;t'])) for

J

the second interval of time (t;; [tt']), wherein the first wear

contribution calculation rule (f,) differs from the second wear
contribution calculation rule (f)).
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Generally, the wear contribution calculation rule need not
be uniform within the respective current values. Recording
can comprise a measurement, for example a sampling mea-
surement in discrete sampling time intervals, but also (partial)
simulation. The simulation can be based on a model, e.g.
assumption that current values lie on a sinusoidal curve, or
can comprise an interpolation between measurement values.
Inthis way, the current values can be available as a continuous
function of time or as a vector of discrete recorded values.

The wear contribution calculation rule is not identical to
zero (as functional). A calculation rule identical to zero as
functional would yield no wear contribution at all (i.e. always
zero) independently of the electrical values of the subset of
values. Such a calculation rule is not regarded as a wear
contribution calculation rule.

It will be appreciated by those skilled in the art that the
present disclosure can be embodied in other specific forms
without departing from the spirit or essential characteristics
thereof. The presently disclosed embodiments are therefore
considered in all respects to be illustrative and not restricted.
The scope of the invention is indicated by the appended
claims rather than the foregoing description and all changes
that come within the meaning and range and equivalence
thereof are intended to be embraced therein.

What is claimed is:
1. A method for determining the wear on a contact element
of an electrical switch, the method comprising:
recording electrical values (I(t), U(t)) which represent an
electrical variable, which is relevant to an arc occurring
at the switch during a switching operation, as a function
of time; and
calculating a wear value (d), which represents the wear on
the contact element, from a plurality of wear contribu-
tion values,
wherein the wear contribution values are calculated from a
plurality of subsets (I(t,); I([t;;t',])) of the recorded elec-
trical values using a plurality of wear contribution cal-
culation rules (f;), such that each of the wear contribu-
tion values is calculated from a respective one of the
subsets of values (I(t,); I([t;;t';])) according to a respec-
tive one of the wear contribution calculation rules (f),
wherein at least two of the wear contribution calculation
rules (f,) differ from one another, and
wherein the method comprises:
calculating, based on the calculated wear value, a percent-
age wear of the contact element of the electrical switch,
as a proportion of a maximum wear value that the cal-
culated wear value constitutes;
determining whether the calculated percentage wear is
greater than a predefined warning threshold value; and
outputting a command to block operation of the electrical
switch when the calculated percentage wear is deter-
mined to be greater than the predefined warning thresh-
old value.
2. The method as claimed in claim 1, wherein the calculat-
ing of the wear value (d) comprises:
determining a transition time (t;, t';) which is characteristic
of'a change in the wear contribution calculation rule,
wherein the at least one transition time represents a respec-
tive transition between different phases of an arc occur-
ring during the switching operation.
3. The method as claimed in claim 2, wherein the calculat-
ing of the wear value (d) comprises:
defining at least one of the subsets of values (I(t,); I([t;; t',]))
taking into account the at least one transition time (t;, t,)
which has been determined.
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4. The method as claimed in claim 3, wherein the subsets of
values (I([t;;t',])) comprise electrical values associated with a
respective interval of time ([t;;t',]),

wherein the method comprises:

for each of the intervals of time, stipulating the start (t,), the

end (t';) or the start and the end of the respective interval
of time ([t;;t';]) by means of at least one respective limit
time (t,, t';), and

wherein the at least one limit time is the at least one tran-

sition time.

5. The method as claimed in claim 3, wherein the at least
one transition time includes a first transition time (t;) and a
second transition time (t,), and

wherein the plurality of subsets of values comprise at least

a first, a second and a third subset of values (I([ty;t;]);
1t 6D), I(t3t1).

6. The method as claimed in claim 2, wherein the subsets of
values (I([t;;t';])) comprise electrical values associated with a
respective interval of time ([t;;t',]),

wherein the method comprises:

for each of the intervals of time, stipulating the start (t,), the

end (t',) or the start and the end of the respective interval
of time ([t,;t',])by means of at least one respective limit
time (t,, t;), and

wherein the at least one limit time is the at least one tran-

sition time.

7. The method as claimed in claim 2, wherein the at least
one transition time includes a first transition time (t;) and a
second transition time (t,), and

wherein the plurality of subsets of values comprise at least

a first, a second and a third subset of values (I([ty;t;]);
I([t 6D, I(t3t1)).

8. The method as claimed in claim 1, wherein the calculat-
ing of the wear value (d) comprises:

determining at least one limit time (t,, t',),

wherein the at least one limit time is the at least one tran-

sition time, and

wherein the at least one limit time is determined taking into

account at least one respective value selected from a first

list including:

a current value;

a voltage value;

a value of an electric or magnetic field;

a noise component or frequency component of a current
value;

anoise component or frequency component of a voltage
value;

a noise component or frequency component of an elec-
tric or magnetic field;

a brightness value of an arc;

aposition value which describes a position ofthe contact
surface and/or a distance between two contact sur-
faces;

a previous wear value;

a previous total wear value;

aperiod of time elapsed since the occurrence of an event;

a period of time elapsed since an earlier limit time.

9. The method as claimed in claim 8, wherein the event is
selected from a list including:

a. the start of an arc;

b. atransition from a stationary arc state to a wandering arc

state;

c. a transition from a diffuse arc to a constricted arc;

d. the end of an arc;

e. a separation of a contact element from a further contact

element of the switch;
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f. a removal of the contact element from a further contact
element of the switch by a distance which exceeds a
predefined distance threshold value;

g. an issue or evaluation of a switching command;

h. an overshooting or undershooting of a predetermined
threshold value by a recorded value.

10. The method as claimed in claim 1, wherein the switch

is a vacuum switch.

11. The method as claimed in claim 10, wherein the switch
is comprised in a switching installation for a high or medium
voltage.

12. The method as claimed in claim 1, wherein the calcu-
lating of the wear value (d) comprises:

determining at least one limit time (t,, t',),

wherein the at least one limit time is the at least one tran-
sition time, and

wherein the at least one limit time is determined taking into
account at least one respective event selected from a first
list including:

a. the start of an arc;

b. a transition from a stationary arc state to a wandering
arc state;

c. a transition from a diffuse arc to a constricted arc;

d. the end of an arc;

e. a separation of a contact element from a further con-
tact element of the switch;

f. aremoval of the contact element from a further contact
element of the switch by a distance which exceeds a
predefined distance threshold value;

g. an issue or evaluation of a switching command;

h. an overshooting or undershooting of a predetermined
threshold value by a recorded value, wherein the
recorded value is selected from at least one valuein a
second list including:

a current value;

a voltage value;

a value of an electric or magnetic field;

a noise component or frequency component of a cur-
rent value;

anoise component or frequency component of a volt-
age value;

a noise component or frequency component of an
electric or magnetic field;

a brightness value of an arc;

a position value which describes a position of the
contact surface and/or a distance between two con-
tact surfaces;

a previous wear value or previous total wear value;

a period of time elapsed since the occurrence of any
further event identified in the first list; and

a period of time elapsed since an earlier limit time.

13. The method as claimed in claim 1, wherein the subsets
of values (I(t,); I([t;;t';])) are determined as the electrical val-
ues associated with a respective interval of time ([t,{; .4

wherein the calculation of the wear value (d) includes
forming a sum or an integral of the wear contribution
values.

14. The method as claimed in claim 1, wherein the calcu-
lating of the wear value (d) comprises:

forming a contribution in the form K, *1(t)*, for at least one
of the wear contributions,

wherein i indicates a respective one of the at least one wear
contribution as an ith wear contribution, and wherein K,
respectively denotes an ith coefficient factor, 1(t) respec-
tively denotes an electrical value included in the subset
of values associated with the ith wear contribution, and
a, respectively denotes any desired exponent.
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15. The method as claimed in claim 1, wherein the wear
value (d) contains an expression of the form

d="fith
where
A= Vi@ e,

wherein f,(I) denotes an ith of the wear contribution calcu-
lation rules,

2

t

denotes a sum of time values t with recorded electrical
values I(t), y,(t) denotes a respective [ith] t-dependent
weighting factor which provides values of a larger mag-
nitude for t inside the respective [ith] subset of values
than for t outside the respective subset of values, and
¢,(I(t)) denotes a respective [ith] function of I, wherein
o,(I(0) =K,*1(1)%,.

16. The method as claimed in claim 1, comprising:

adding the calculated wear value to a total wear value
which represents the total wear possibly for a plurality of
switching processes.

17. The method as claimed in claim 1, wherein the electri-
cal values comprise at least one value selected from the group
consisting of:

current values (I(t)) which represent the contact current
flowing through the switch during the switching opera-
tion as a function of time;

voltage values (U(t)) which represent the arc voltage
present at the switch during the switching operation as a
function of time; and

arc power values (P(t)) which represent the arc power
present at the switch as a function of time.

18. A switching installation for a high or medium voltage,
comprising an electronic unit including a processor config-
ured to carry out the method as claimed in claim 1.

19. An electronic unit for an electrical switch, the elec-
tronic unit comprising:

a value input module for obtaining electrical values which
represent a variable, which is relevant to the power flow-
ing through the switch during a switching operation, as
a function of time; and

a wear determination module having a computation unit
and a non-transitory data memory having an executable
program recorded thereon for execution by the compu-
tation unit, wherein the program comprises:

a plurality of wear contribution calculation rules (f;) for
calculating respective wear contribution values from
respective subsets (I(t,); I([t;;t',])) of the recorded elec-
trical values, wherein at least two of the wear contribu-
tion calculation rules (f,) differ from one another,

a wear value calculation routine for calculating a wear
value (d), which represents the wear on a contact ele-
ment, from the wear contribution values, and

a percentage wear calculation routine, which comprises:
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calculating, based on the calculated wear value, a per-
centage wear of the contact element of the electrical
switch, as a proportion of a maximum wear value that
the calculated wear value constitutes;
determining whether the calculated percentage wear is
greater than a predefined warning threshold value;
and
outputting a command to block operation of the electri-
cal switch when the calculated percentage wear is
determined to be greater than the predefined warning
threshold value.
20. A switching installation for a high or medium voltage,
comprising an electronic unit as claimed in claim 19.
21. The switching installation for a high or medium voltage
as claimed in claim 20, wherein the contact element is a
contact piece of the transverse magnetic field (TMF) type.
22. The electronic unit as claimed in claim 19, wherein the
electronic unit is comprised in a control and/or monitoring
system.
23. The electronic unit as claimed in claim 22, wherein the
electronic unit is configured for a switching installationfor a
high or medium voltage.
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